We have proposed and experimentally demonstrated an ultrasensitive fiber-optic temperature sensor based on two cascaded Fabry-Perot interferometers (FPIs). Vernier effect that significantly improves the sensitivity is generated due to the slight cavity length difference of the sensing and reference FPI. The sensing FPI is composed of a cleaved fiber end-face and UV-cured adhesive while the reference FPI is fabricated by splicing SMF with hollow core fiber. Temperature sensitivity of the sensing FPI is much higher than the reference FPI, which means that the reference FPI need not to be thermally isolated. By curve fitting method, three different temperature sensitivities of 33.07, −58.60, and 67.35 nm/°C have been experimentally demonstrated with different cavity lengths ratio of the sensing and reference FPI, which can be flexibly adjusted to meet different application demands. The proposed probe-type ultrahigh sensitivity temperature sensor is compact and cost effective, which can be applied to special fields, such as biochemical engineering, medical treatment, and nuclear test.
Introduction
Temperature is one of the most frequently measured physical parameters as it is closely bound up to human activity. Sometimes, a small variation in temperature can be an indicator of other important physical parameter changes that interests us. The demands of temperature sensors with extreme sensitivities and ultra-low detection limits are increasing in special fields, like biochemical engineering, medical treatment, nuclear test and so on. Fiber-optic temperature sensors have been comprehensively exploited owning to their distinct advantages, such as high sensitivity, compact size, light weight, multiplexing capabilities, immunity to external electromagnetic interference and the capability to operate in harsh environments.
Up to now, a great deal of sensing schemes and structures have been proposed for temperature measurement, such as fiber grating sensors (fiber Bragg gratings (FBGs) [1] , [2] and long period fiber gratings (LPFGs) [3] , [4] ), optical fiber interferometric sensors (OFIS) (in-fiber modal interferometers [5] - [7] , Mach-Zehnder interferometers (MZIs) [8] , fiber Sagnac interferometers (SIs) [9] , [10] , extrinsic Fabry-Perot interferences (FPIs) [11] - [13] , Silicon-on-insulator (SOI) sensors [14] , [15] and surface plasmon resonance (SPR) sensors [16] - [18] . Limited by the small thermal-optical coefficient (TOC) and thermal-expansion coefficient (TEC) of silica, sensitivities of traditional fiber grating sensors and OFI sensors, which employ the fiber itself as the temperature transducer, are usually low (only tens of picometers per degree centigrade). SOI sensors can achieve much higher sensitivity due to the higher TOC of silicon. However, this kind of sensors are usually expensive and the coupling with fiber may be a difficult issue. SPR sensors are realized by coating the fiber with nanoscale metal film [16] or injecting metal wires [17] and nanoparticles [18] into the air hole of photonics crystal fiber (PCF). Although SPR sensors can realize higher temperature sensitivity, they usually require complicated fabrication techniques and are not cost effective.
Various sensitivity enhancing methods have been proposed to meet the demand of highly sensitive temperature detection. Compared to common fiber, microfiber has larger evanescent field which can be utilized for sensitivity amplification [19] . Coating the traditional sensor with thermosensitive material, such as metal [20] , polymer [21] , graphene [22] and solutions [23] , is another way to obtain sensitivity magnification. It should be mentioned that coating method is more effective when applied to microfiber (or taper) based sensors. Due to the holey structure of PCF, selective infiltration of various functional materials is also prospective method to promote temperature sensitivity [24] - [26] . For OFI sensors, Vernier effect is an excellent choice for temperature sensitivity amplification by cascading the sensing interferometer with a reference interferometer [27] - [30] . In these aforementioned sensing schemes, extrinsic FPI sensors are appealing due to their advantages of easy fabrication, compact size, fiber tip structure and insensitive to refractive index. However, temperature sensitivity of traditional all-fiber FPI sensors are relatively low. Methods of replacing the cavity media with materials of high TOC or TEC have been presented to enhance the temperature sensitivity [11] - [13] .
In this paper, a temperature sensor based on two cascaded FPIs for ultrahigh sensitivity temperature sensing is proposed. The sensing FPI cavity is composed of a single mode fiber (SMF, Corning SMF-28) end face and UV-cured adhesive (Norland Optical Adhesive 65, NOA65), while the reference FPI is fabricated by splicing SMF with hollow core fiber (HCF, Innocep TSP050150). Compared to the schemes reported in [27] - [30] , the reference FPI need not to be isolated from external temperature due to the fact that temperature sensitivity of the reference FPI is much smaller than the sensing FPI. Combing Vernier effect with cavity media replacing method, temperature sensitivity can be amplified by orders of magnitude. Three sensors with different sensitivities of 33.07 nm/°C, −58.60 nm/°C and 67.35 nm/°C have been realized by controlling relative cavity lengths ratio of the reference and sensing FPIs. A temperature resolution of 10 −4°C is obtained. The proposed sensor with ultrahigh sensitivity is compact, easy-fabrication, cost effective and can be packaged as a tiny probe for remote sensing.
Device Fabrication and Operation Principle

Sensor Structure and Manufacturing Process
As mentioned above, the sensor configuration consists of two parts, i.e., sensing FPI and reference FPI, which is shown in Fig. 1 . The sensing FPI is formed by end face of SMF and NOA65. NOA65 is a kind of transparent, achromatous liquid photopolymer that can be solidified by exposed to ultraviolet light with wavelength range of 350 nm to 380 nm. After curing process, the glue can be solidified as a solid-state polymer structure, with typical refractive index of 1.52.
The manufacturing process of the sensing FPI is schematically presented in Fig. 2 . Firstly, one end of a ceramic ferrule with an inner diameter and outer diameter of 125 μm and 1.5 mm is immerged into UV glue for nearly 30 seconds, as shown in Fig. 2(a) . Due to capillary action, UV glue will be drawn into the ceramic ferrule. Then, the UV glue is cured by exposing the ceramic ferrule to UV light for about 10 minutes, which is illustrated in Fig. 2(b) . After that, as can be seen in Fig. 2(c) , a conventional SMF with one end cleaved is inserted into the ceramic ferrule from the opposite side with the assist of three-dimensional adjustment platform. Reflection spectrum of the structure is monitored in real time during the process. Cavity length of the sensing FPI is controlled by observing the free spectrum range (FSR) of its reflection spectrum, which is derived from the formula
where λ is the wavelength, n is the refractive index of the cavity (n ≈ 1) and L is the cavity length. Finally, the SMF and the ceramic ferrule are fixed together with epoxy glue so as to immobilize the cavity length, as shown in Fig. 2(d) . Although the UV-cured adhesive is liquid, it becomes stable solid state after exposing to UV light for several minutes, which is hardly influenced by airflow, pressure, stress, etc. In fact, cavities with various lengths are prepared during this experiment and the optimal cavity length is 77.59 μm, which will be discussed in detail in Section 3.1.
The reference FPI in this paper is manufactured by simply splicing a section of HCF between a lead-in SMF and a reflection SMF with the help of a commercial fusion splicer (FSM-60S). At first, a SMF with one end cleaved is prepared and spliced with a segment of HCF, the inner diameter and external diameter of which are 75 μm and 150 μm, respectively. Secondly, the spliced HCF is cleaved to a specific length on the other side. The length can be precisely controlled with the help of a microscope. Finally, the cleaved HCF is spliced with the reflection SMF. Thus, end face of the lead-in SMF and the reflection SMF function as two reflection mirrors of the FPI. It should be noticed that the discharge current and discharge time should be customized manually during the fusing spliced process to avoid the air hole collapse of the HCF. The reference FPI based on splicing of SMF and HCF is robust, cost effective and easy-fabrication. In addition, the reference FPI is insensitivity to ambient environment such as reflective index and temperature.
The length of the whole structure including sensing FPI and reference FPI is less than 20 mm, which can be packaged as a tiny probe for remote sensing. What's more, the reference cavity is virtually impervious to ambient temperature hence there is no need to insulate external environment.
Temperature Sensitivity Analysis of FPIs
As for the vast majority of FPI based temperature sensors, the sensing mechanism is that the optical path difference (OPD) will change according to ambient temperature. OPD is proportional to the product of cavity length and refractive index of the cavity media, hence the thermal response of the cavity can be ascribed to the thermal-expansion and the thermal-optic effect. For low fitness FPI, ignoring the possible half-wave loss, the dip wavelength of the spectrum can be deduced by [31] 4πnL
where λ m is the dip wavelength of the m th interference fringe, n and L are refractive index of cavity media and cavity length, respectively. By taking a derivative of Eq. (2), the temperature sensitivity, i.e., the dip wavelength shift with the temperature variation can be expressed as
The two terms in the parenthesis are definition formulas of TOC and TEC, respectively. As for traditional all-fiber FPI sensors, limited by small TOC and TEC of silica, on the order of 6.4 × 10 −6 / • C and 5.5 × 10 −7 / • C, the sensitivities of them are dozens of picometers per degree centigrade. However, by cavity media replacing method, the sensitivity increases dramatically. Take the sensing FPI fabricated in this experiment as an example, the refractive index of cavity is almost unaffected by temperature. But NOA65 will expand or shrink dramatically under temperature variations, benefiting by its large TEC, on the order of 220 × 10 −6 / • C, which modulates the cavity length directly. Therefore, the sensitivity can be magnified nearly two orders of magnitude by this method. There is still one thing should be concerned. Because cavity media of the reference cavity is air, the temperature sensitivity of it is several picometers per degree centigrade, which can be neglected compared to the sensing FPI.
Operating Principle of Vernier Effect and Simulation
The sensing structure in this paper is cascade of two FPIs, as depicted in Fig. 1 , the Vernier effect generation mechanism of which will be discussed in the following as an example. All reflectors of the two FPIs are generated by Fresnel Reflection of either silica-air interface or NOA65-air interface. Therefore, only a fraction of power will be reflected while a large proportion of power will be transmitted. Meanwhile, the coupling loss between SMF and HCF and transmission loss in the cavity are large due to the mismatch core diameters and light transmitting in free space. As a result, both interferometers are low finesse FPIs which can be considered as two-beam interferometers. The reflection spectrum of the two FPIs can be deduced as
where R is the reflectivity, a and b are power DC bias and interferometric contrast. The subscript r and s indicate reference and sensing, respectively. The interferometric spectra reflected from these two FPIs will encounter and superpose at the lead-in fiber. So the final reflection spectrum of these two cascaded FPIs can be considered as the superposition of Rr and Rs. In order to get a better presentation of the generation mechanism of the Vernier effect, Matlab R2017a software is used to simulate the spectra. In this simulation, assuming the cavity length of sensing FPI is slightly larger than that of the reference FPI, i.e., Ls > Lr. As depicted in Fig. 3 , the reflection spectra of the reference FPI, sensing FPI and the superposition of them are displayed, respectively. There is no doubt that a longer cavity corresponds to a smaller spectrum FSR according to Eq. (1). In default status, one of the resonant dips of the reference FPI is essentially aligned with a resonant dip of the sensing FPI and thus the lowest dip is generated. However, the adjacent dips of them are no longer located at the same wavelength due to FSR difference. Consequently, the cascaded superposition spectrum is formed in the shape of comb-like fine spectrum and large envelope, which is shown in Fig. 3(c) . What's more, the envelope function is periodic. The period, referred as the FSR of the cascaded FPIs, is given by
where F SR r = λ 2 /nL r and F SR s = λ 2 /nL s , are the F SR s of the reference FPI and the sensing FPI, respectively. Generally, a curve fitting method is adopted to obtain the envelope function, which improves the demodulation resolution and eliminates the error introduced by optical source power fluctuation. The envelope fitting equation can be expressed by
As the temperature changes, variation in cavity length of sensing FPI will occur. The variation of the cavity length δL s will result in a shift of the resonant wavelength of its reflection spectrum by δλ s = λ s · (δL s /L s ), where λ s is the resonant wavelength to be concerned about. As shown in Fig. 3(b) , the spectrum has a blue shift with temperature rises. The dip whose center wavelength is 1450 nm deviates from its initial state and its adjacent dip is aligned with that of reference cavity. In this case, the dip of the envelope shift to the adjacent dip of the reference cavity. In other words, the spectrum of the sensing cavity shifts a wavelength of |F SR r − F SR s | while the envelope of the cascaded structure shifts a wavelength of F SR r . Consequently, the sensitivity amplification factor of Vernier effect in the wavelength-interrogated sensors can be expressed by the following Eq. (7).
However, the sensitivity can't be enhanced infinitely. If the two FSRs are sufficiently close, it will cause some troubles in our temperature demodulation. Firstly, the FSR of the cascaded spectrum's lower envelope is much greater, which means a small variation in temperature will makes the lower envelope shifts sharply. However, the wavelength range of our light source and the optical spectrum analyser are both finite. Therefore, the sensitivity enlargement factor is limited by our optical signal demodulation equipment. Secondly, too large FSR in lower envelope will bring in trouble in tracing the minimum value of the fitted curve, which results in low accuracy.
Besides, when the initial length of these two cavities meet the opposite condition, i.e., L s < L r , the same conclusion can be drawn. The only difference is that the envelope and the spectrum of the sensing cavity will shift to the opposite direction. The phenomenon can be explained as follow. The shift direction of the sensing cavity's spectrum depends on the variation of the cavity length, i.e., L s . For example, temperature rising lessens the sensing cavity length and a blueshift occurs in the reflection spectrum. Similarly, the shift direction of the envelope depends on the variation of the difference between sensing cavity and reference cavity. The variation of the cavities difference is equal to L s in case of L s > L r , while it is equal to − L s in case of L s < L r , which has the opposite effect on envelope shifting.
In general, the measurement range of a single FPI is given by the ratio of its spectrum FSR and sensitivity. While the structure of cascaded FPIs improves the sensitivity by the factor of F, its spectrum FSR amplifies an identical factor according to Eq. (7). What's more, the detection limit of the sensors by wavelength interrogation is given by the ratio of the resolution of the optical spectrum analyzer (OSA) and sensitivity of the sensors. In other words, the detection limit can be significantly improved by Vernier effect. As a result, generating Vernier effect is an effective approach to enhance sensitivity and resolution but free of dynamic range variation.
Experiment Results and Discussion
Optical Cavity Length of the Sensing FPI
For the sake of observing a distinct spectrum of Vernier effect, a series of sensing FPIs and reference FPIs with different cavity length are prepared. The performances of single sensing FPIs with different cavity length are tested first to confirm the optimal length. Figure 4 shows the reflection spectra of these sensing FPIs. It is obvious that a longer FPI cavity has a poorer fringe visibility and a denser interference pattern, owing to the increasing transmission losses in the air cavity as the cavity length increases. However, a denser interference pattern and a high fringe visibility is favorable in generating Vernier effect and following curve fitting. So there is a trade-off between small FSR and high contrast of the spectrum. Taking this into account, the cavity length of sensing FPI and reference FPI are selected as 77.59 μm and 83.96 μm respectively because of proper FSR and contrast. The ratio of the two OPDs is approximate 1.08, which ensures the generation of Vernier effect.
Before measuring the sensitivity of the proposed sensor, the temperature response characteristics of single sensing FPI and reference FPI are tested, respectively. The test system is schematically shown in Fig. 5 . The FPI to be measured is placed on the groove of a thermo electric cooler for temperature calibration, which has a resolution of 0.1°C. An ASE (FiberLake) source with the spectrum region range from 1250 nm to 1650 nm is employed to launch light into the sensor through a fiber-optic circulator (FOC). A part of light will be reflected by the sensor and the spectrum can be observed by the OSA (Yokogawa AQ6370c) after going through the FOC. The spectrum of the sensing FPI is continuously monitored as the temperature was elevated from 20°C to 24°C at a step of 0.5°C. It can be seen from Fig. 6(a) that the spectrum has a blue shift with temperature rises. By tracing one certain dip and employing linear regression method, the temperature sensitivity of −2.8767 nm/°C is obtained, which is shown in Fig. 6(b) (red dot and line) . The same method is adapted for the test of the reference FPI. Compared with the sensing FPI, the temperature ranges of testing reference FPI are much larger, 20°C∼60°C, while the spectrum hardly shifts and a sensitivity of about 1.4 pm/°C is finally achieved. The changes in relationship between wavelength and temperature are also exhibited in Fig. 6(b) (blue dot and line) . The sensitivity of the sensing FPI is nearly 2000 times larger than that of reference FPI, hence the reference FPI can be regarded as a stable structure that is hardly influenced by ambient temperature.
Temperature Sensing Experiment of the Cascaded FPIs
To demonstrate the feasibility and performance of the proposed sensor, the whole structure including sensing FPI and reference FPI is placed on the groove of the thermo electric cooler. The wavelength resolution (the actual wavelength data interval) of the optical spectrum analyzer in our experiment is fixed at 0.1 nm. At room temperature of 20°C, the representative reflection spectrum of the proposed sensor is shown in Fig. 7(a) . It can be seen from this picture that the reflection spectrum is formed in the shape of comb-like fine spectrum and large envelope. In addition, the contrast of the lower valley is so large that the envelope can be fitted according to Eq. (6) .
The dip of the lower envelope with initial center wavelength near 1425 nm is observed during the test, i.e., the red line in Fig. 7(a) . As the temperature increases from 20°C to 24°C, with a step of 0.5°C, the lower envelope spectra that are obtained by curve fitting are illustrated in Fig. 7(b) . The fitted spectrum has a redshift with the temperature rises. By employing linear regression method, the proposed sensor has an ultrahigh temperature sensitivity of 33.07 nm/°C and a very good linearity, as shown in Fig. 7(c) . Compared with the single sensing FPI, the sensitivity of the sensor fabricated by cascaded FPIs is about 11.49 times higher than that of a single FPI-based sensor. According to theory analysis and Eq. (7), the theoretical amplification factor of the sensitivity is about 12.18. Therefore, the experimental result agrees well with the theoretical forecast.
In the above experiment, the temperature sensitivity of the single FPI is a negative value due to the fact that the cavity length decreases as the temperature rises. However, the sensitivity of the cascaded FPIs that generate Vernier effect is a positive value. In fact, the reason has also been explained earlier in the article. The shift direction of the interference spectrum depends on the OPD change, i.e., Ls in single FPI. When it comes to the envelope spectrum of the cascaded FPIs, the shift direction depends on the difference of OPDs, i.e., |L s − L r |. So, when the reference FPI cavity length L r is larger than the sensing FPI cavity length Ls, they have opposite shift directions with change of temperature. In order to verify this, a contrast experiment has also been conducted. This time the length of reference FPI cavity is about 73.53 μm, which is a little smaller than that of the sensing FPI cavity. The experiment results are shown in Fig. 8(a) . It can be clearly seen that the sensitivity is a negative value of about −58.60 nm/°C. The actual and expectant sensitization factor are 20.37 and 19.13, respectively. All test results are highly consistent with theoretical analysis and expected results, which validate the rightness and feasibility of the theory.
In addition, the sensitization factor can be arbitrary designed and controlled. As mentioned in previous section, Vernier effect improves the sensitivity by the factor of F. Therefore, the temperature sensitivity can be altered by changing the cavity length difference of the two cavities. A simple confirmatory experiment has been conducted. A smaller cavity length difference is executed relative to the earliest one. The length of reference cavity and sensing cavity are 81.52 μm and 77.59 μm, respectively. According to the analysis above, the sensitivity enlargement factor is expected to be 19.71. The practical experiment result, shown in Fig. 8(b) , reveals that the temperature sensitivity is about 67.35 nm/°C and the amplification factor is 23.41, which is also close to the expectant result.
We have compared the proposed temperature sensor with others employing different sensitivity enhancement methods in recent years as shown in Table 1 . The temperature sensitivity of the proposed sensor is the highest compared with others. Among them, the sensor based on selectively infiltrated PCF can reach similar high sensitivity [25] . However, it requires complicated fabrication techniques and the wavelength shift with temperature variation is non-linear which is hard to be applied in actual measurement. The sensitivities of cascaded interferometers generating Vernier effect in [28] , [30] are high enough. Nevertheless, the reference interferometers of them should be thermally isolated because they are influenced by ambient temperature. Therefore, advantages of the proposed sensor are that it is ultra-sensitive to temperature while it is easy to fabricate and need not to be thermally isolated.
Conclusion
In summary, a compact fiber temperature sensor composed of two cascaded FPIs with ultrahigh sensitivity is proposed and demonstrated in this article. The manufacturing process and working principle are described in detail. The sensing FPI is formed by SMF end face and UV-cured adhesive while the reference FPI is fabricated by splicing a segment of HCF between two SMFs. A slightly difference in the cavity length of the two FPIs contributes to the generation of Vernier effect, which improves detection sensitivity by one order of magnitude. The reference FPI is almost impervious to ambient temperature, hence both two FPIs can be packaged together as a tiny probe for remote sensing. By cascading the two FPIs and fitting the lower envelope of the reflection spectrum, three different sensitivities, of 33.07 nm/°C, −58.60 nm/°C, 67.35 nm/°C are experiment demonstrated, which are nearly two or three orders of magnitude higher than tradition fiber temperature sensors. Although the temperature measurement range is just about 5°C (20°C-25°C), its huge sensitivity makes it possible to meet the needs of some special demands, like some scientific instruments which needs precise temperature control. The sensitivity enlargement factor can be adjusted manually by controlling the cavity length difference of these two FPIs to satisfy different demands.
